The fluid flow and heat transfer in a porous medium have received considerable attention due to its importance in many engineering applications. In this study numerical investigation of fluid flow and heat transfer over a hot solid block inside a square porous block located in a channel was carried out. The lattice Boltzmann method with nine velocities, D2Q9, was used for numerical simulations. Brinkman-Forchheimer model was successfully used to simulate fluid flow in porous media. The effects of parameters such as porosity, Reynolds number on flow pattern, and heat transfer were studied. The different effects of mentioned parameters were discussed in the paper.
Introduction
The fluid flow and transport phenomena in a porous medium have been used in many fields of science and engineering, such as geothermal energy extraction, solar collector, solar absorbers food processing, fuel cells, petroleum processing, catalytic and chemical particle beds, transpiration cooling, electronic cooling, drying processes, porous bearing, nuclear reactors, and many others.
Thermal Insulation. Fluid flow and convective heat transfer in conduits fully and partially filled with porous medium have been investigated analytically, experimentally, and numerically by many researchers. Poulikakos and Kazmierczak [1] theoretically studied the convection heat transfer in the developed region of two parallel plates and in a circular pipe with porous media attached to the wall. Fu et al. [2] numerically simulated the convection heat transfer through a single porous block mounted on the heated wall, and they studied the effect of different parameters including the porous block size and length and porosity of porous block and Reynolds number on convection heat transfer enhancement. Li et al. [3] numerically investigated the effect of staggered porous blocks mounted on the wall in a laminar flow channel on the velocity field and local heat transfer. Huang et al. [4] numerically studied steady-state heat transfer to a fluid passing through multiple heated block mounted on the wall of a channel with porous covers.
Guo et al. [5] investigated numerically the heat transfer of pulsating flow through a pipe with a porous medium attached to the pipe wall. In their work they used conventional control volume method. Hamdan et al. [6] used an implicit finitedifference method to simulate forced convection in a porous substrate inserted in the core of a parallel plate channel. Jiang et al. [7] investigate the forced convection heat transfer in plate channels saturated with air and water which contain sintered bronze porous media.
The lattice Boltzmann method (LBM) is a powerful numerical technique based on kinetic theory for simulation of fluid flows and modeling the physics in fluids [8] [9] [10] . The problem of convective heat in porous medium was investigated numerically by Guo and Zhao [11] . In their work, they used the lattice Boltzmann method to simulate the temperature field. Seta et al. [12] applied the lattice Boltzmann method to simulation of natural convection in porous media. Shokouhmand et al. [13] simulated the laminar flow and convective heat transfer in a porous medium inside the core of two parallel plates of a conduit using lattice Boltzmann method.
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Hot solid block inside a square porous block may be applied in some engineering application such as porous media as an active layer in reacting chemical flows, fuel cell, heat exchangers, and electronic devices cooling.
Numerical Model
The general form of lattice Boltzmann equation with nine velocities, D2Q9, with external force can be written as [9] ( ⃗ + ⃗ Δ , + Δ ) = ( ⃗ , )
where ⃗ is the discrete lattice velocity in direction , ⃗ is the external force, Δ denotes the lattice time step, is the lattice relaxation time, eq denotes the equilibrium distribution function, is weighting factor, and is the lattice fluid density. To consider both the flow and the temperature fields, the thermal LBM utilizes two distribution functions, and , for flow and temperature fields, respectively. The distribution function is as same as discussed previously; the distribution function is as follows [9] :
The flow properties are defined as (i denotes the component of the Cartesian coordinates)
The Brinkman-Forchheimer equation was used for flow in porous regions that is written as [9, 12] ⃗ + ( ⃗ ⋅ ∇) (
where is the porosity, K is the permeability, eff is the effective viscosity, is the kinematic viscosity, and is the acceleration due to gravity. The last term in the right hand in the parenthesis is the total body force, , which was written by using the widely used Ergun's relation [16] . For porous medium the corresponding distribution functions are as the same as (1) . But the equilibrium distribution functions and the best choice for the forcing term are
The forcing term defines the fluid velocity ⃗ as
According the previous equations ⃗ is related to ⃗ , so (6) is nonlinear for the velocity. A temporal velocity ⃗ V is used to solve this nonlinear problem [13] as follows:
The effective thermal conductivity, eff of the porous medium should be recognized for proper investigation of conjugate convection and conduction heat transfer in porous zone, which was calculated by [16] 
Boundary Conditions
From the streaming process the distribution functions out of the domain are known. The unknown distribution functions are those toward the domain. In Figure 1 the unknown distribution function which needs to be determined, are shown as dotted lines. Regarding the boundary conditions of the flow field, the solid walls are assumed to be no slip, and thus the bounce-back scheme is applied. This scheme specifies the outgoing directions of the distribution functions as the reverse of the incoming directions at the boundary sites. For example, for flow field in the north boundary the following conditions is used:
In this channel the inlet velocity at west boundary is known = = inlet . In LBM method the inward distribution functions at the boundaries have to be specified. So the Journal of Energy 
In this problem the outlet velocity is unknown. The east boundary condition in Figure 1 represents the outlet condition. Then 3 , 6 , and 7 need to be calculated at the east boundary as 3, = 2 3, −1 − 3, −2 , 6, = 2 6, −1 − 6, −2 , 7, = 2 7, −1 − 7, −2 . Furthermore, for the temperature field, the local temperature is defined by (3). For isothermal boundaries such as a bottom hot wall the unknown distribution functions are evaluated as
where is the lattice on the boundary. For adiabatic boundary condition such as a bottom wall the unknown distribution functions are evaluated as 
Computational Domain
Computational domain consists of a hot solid block inside a square porous block located in a channel (Figure 2) . The channel height, length, and other simulation parameters are illustrated in the Figure 2 and Table 1 .
Validation and Grid Independent Check
In this study, flow pattern and thermal field were simulated in a channel with a hot solid block inside a porous block by using lattice Boltzmann method. Figure 3 compares well the velocity profile for flow in a clear channel captured by LBM and results presented by Nield [14] . In this figure the result of simulation is compared well with Seta et al. [15] . Table 2 shows the computed Nusselt number by LBM and Kays and Crawford [17] , and good agreement is obtained.
Results and Discussion
In the present work the thermal lattice Boltzmann model with nine velocities was used to solve the force convection heat transfer in a channel containing hot solid block inside a square porous block. The effects of porosity and Reynolds number, on the flow field and convective heat transfer, were investigated. Figure 4 shows the velocity and temperature contours for different values of porosity at Re = 50. With increasing the porosity, velocity rises slightly in the top and bottom of porous block, because fluid tends to flow in clear passages with lower pressure drop. At higher values of porosity, fluid changes easier its path to clear passages, so velocity increases in these passages.
According to (8) with increasing the porosity, the effective thermal conductivity in the porous block reduces. At higher value of porosity, the heat transfer between fluid and solid block decreases. So the fluid temperature will increase.
The velocity and temperature contours for different Reynolds number have been drown in Figure 5 .
It can be seen that as Reynolds number increases the flow velocity increases. With increasing the velocity, the convective coefficient (ℎ) increased according to ( = ℎ ( wall − fluid )), and the magnitude of heat transfer increases. But According to ( = Δ = ( out − in )) with increasing the velocity, the temperature gradient of the fluid reduces. So the outlet fluid temperature will decrease.
The temperature and velocity profiles for various Reynolds numbers are represented in Figure 6 . As expected the flow velocity increases with increasing the Reynolds number. The higher values of Reynolds number cause the temperature of zones to be decreased due to the decrease in heat transfer process. In Figure 7 the average fluid temperature for various Reynolds numbers at different porosity is drown that shows the effect of Reynolds number on temperature more than porosity. As mentioned before at higher porosity obtains a lower average temperature for fluid.
Conclusion
Fluid flow and heat transfer in a channel with solid block inside a square porous block were carried out in this paper.
The effect of parameters including porosity and Reynolds number on the velocity and thermal field was investigated numerically by using lattice Boltzmann method. Decreasing the porosity leads to a higher temperature of fluid due to increasing eff which causes the heat transfer enhancement in porous block. With increasing the Reynolds number the fluid velocity increased, and the average fluid temperature will be reduced.
